Background: The linkage between duplicated chromosomes (sister chromatids) is established during S phase by the action of cohesin, a multisubunit complex conserved from yeast to humans. Most cohesin dissociates from chromosome arms when the cell enters mitotic prophase, leading to the formation of metaphase chromosomes with two cytologically discernible chromatids. This process is known as sister-chromatid resolution. Although two mitotic kinases have been implicated in this process, it remains unknown exactly how the cohesinmediated linkage is destabilized at a mechanistic level. Results: The wings apart-like (Wapl) protein was originally identified as a gene product that potentially regulates heterochromatin organization in Drosophila melanogaster. We show that the human ortholog of Wapl is a cohesin-binding protein that facilitates cohesin's timely release from chromosome arms during prophase. Depletion of Wapl from HeLa cells causes transient accumulation of prometaphase-like cells with chromosomes that display poorly resolved sister chromatids with a high level of cohesin. Reduction of cohesin relieves the Wapl-depletion phenotype, and depletion of Wapl rescues premature sister separation observed in Sgo1-depleted or Esco2-depleted cells. Conversely, overexpression of Wapl causes premature separation of sister chromatids. Wapl physically associates with cohesin in HeLa-cell nuclear extracts. Remarkably, in vitro reconstitution experiments demonstrate that Wapl forms a stoichiometric, ternary complex with two regulatory subunits of cohesin, implicating its noncatalytic function in inactivating cohesin's ability to interact with chromatin. Conclusions: Wapl is a new regulator of sister chromatid resolution and promotes release of cohesin from chromosomes by directly interacting with its regulatory subunits.
Introduction
The faithful segregation of duplicated chromosomes into daughter cells is essential for the growth, development, and survival of all organisms. Extensive studies during the past decade have demonstrated that two multisubunit complexes, cohesin and condensin, play central roles in regulating a series of structural chromosome conversions required for segregation [1, 2] . Cohesin establishes the linkage between duplicated DNAs during S phase. Although this process is commonly called sister-chromatid cohesion, such ''chromatids'' are not cytologically discernible at this stage of the cell cycle because they are present as a nonrandom yet amorphous mass of chromatin within the cell nucleus. At the onset of mitosis, condensin associates with chromatin and converts it into a discrete set of rod-shaped structures. Concomitantly, most cohesin dissociates from chromosome arms, and topoisomerase II removes entanglement between the sister DNAs. These mechanistically complex events result in the assembly of metaphase chromosomes, in each of which two sister chromatids juxtaposed along their lengths become visible microscopically [3] . This process, often referred to as sister-chromatid resolution or condensation, is an essential prerequisite for the complete sister-chromatid separation that subsequently occurs at the onset of anaphase. Because any errors in this series of events potentially create aneuploidy, a hallmark of cancer [4, 5] , it is important to understand how they are tightly regulated at a mechanistic level.
Cohesin and condensin are structurally related protein complexes that contain distinct pairs of SMC (structural maintenance of chromosomes) proteins as their core subunits [1, 2] . The loading mechanism of condensin is not fully understood, although Cdk1-dependent phosphorylation is likely to have a crucial role [6] . In vertebrate cells, the release of cohesin occurs at two different stages of mitosis through different mechanisms. Phosphorylation events are involved in the bulk dissociation of cohesin from chromosome arms during prophase, whereas proteolytic cleavage facilitates the final release of residual cohesin primarily enriched at centromeres in anaphase [7, 8] . At least two mitotic kinases, Polo-like kinase (Plk1 in humans or Plx1 in Xenopus) and Aurora B, participate in the first stage of cohesin release in prophase [9, 10] . Although it is most likely that the Polo-like kinase directly phosphorylates cohesin subunits, it remains unknown mechanistically how such a modification might lead to dissociation of the cohesin complex from chromosomes and how many other factors might be required for the dissociation reaction. Recent studies have also shown that additional factors, such as Sgo1/Mei-S332 and Bub1, play important roles in differential regulation of cohesin dynamics at chromosome arms and centromeres [11] [12] [13] [14] . It should be mentioned that none of these regulatory factors or kinases, except another class of proteins known as Pds5 [15] , display a stable interaction with the cohesin complex, which is composed of two SMC subunits (Smc1 and Smc3) and two non-SMC subunits (Scc1/Rad21 and Scc3/SA).
Drosophila Wapl was originally identified as a gene product regulating heterochromatin organization; its mutants show parallel sister chromatids with apparently loosened cohesion at their centromeres [16] . An independent study also identified Drosophila Wapl as a factor important for normal chromosome segregation [17] . It has been reported that expression of human Wapl is linked to cervical carcinogenesis and tumor progression and that it has the character of oncoproteins [18] . Human Wapl has also been identified as a binding partner of the Epstein-Barr virus transformation-related protein EBNA2 [19] . Thus, despite recent accumulation of intriguing data, the molecular function of this class of proteins in chromosome dynamics and cell proliferation remains largely unknown.
In the current study, we show that human Wapl plays a crucial role in facilitating sister-chromatid resolution during mitotic prophase. When Wapl is depleted from HeLa cells, transient accumulation of prometaphaselike cells in which two sister chromatids are poorly resolved is observed. In these chromosomes, a high level of cohesin is detected on the central axis where two sister chromatids were linked to each other. Conversely, overexpression of Wapl increases the frequency of premature sister separation. Double-depletion experiments provide evidence that Wapl directly acts on cohesin to dissociate it from chromosomes. Consistently, Wapl is coimmunoprecipitated with a subpopulation of cohesin from HeLa cell nuclear extracts. Moreover, reconstitution experiments using recombinant subunits demonstrate that Wapl binds to cohesin's two regulatory subunits (Scc1 and SA1) and forms a stoichiometric, ternary complex. Our results suggest that Wapl is a new regulator of sister-chromatid resolution and that it promotes cohesin release by directly interacting with cohesin's regulatory subunits.
Results

Cell-Cycle Dynamics of Wapl in HeLa Cells
To characterize the structural and functional properties of Wapl in human cells, we prepared three different antibodies, one against its C-terminal synthetic peptide and two against nonoverlapping N-and C-terminal recombinant fragments. As judged by immunoblotting against total lysates of HeLa and MCF7 cells, these antibodies recognized a single band with an apparent molecular weight of approximately 160 kDa ( Figure 1A ; also see Figure S1 in the Supplemental Data available online). To test whether the protein level of Wapl might change at specific stages of the cell cycle, we prepared lysates from HeLa cells synchronized by two different methods: double-thymidine block and release and nocodazole block and release (Figures 1B and 1C ; also Figures S2A and S2B for FACS analyses). Immunoblotting analysis of cell lysates obtained by both methods showed that the total level of Wapl remained relatively constant throughout the cell cycle. To examine the cellular localization of Wapl, we fixed HeLa cells with formaldehyde and stained them with an anti-Wapl antibody. We found that the Wapl signal was detectable within the nucleus during interphase but was distributed in the whole cell by prometaphase. The signal returned onto the chromatin by late telophase. When the staining was performed after pre-extraction with a nonionic detergent so that soluble proteins would be removed (Figure 1D) , the signal was retained in the nucleus during interphase and in late telophase, suggesting that Wapl is bound to chromatin. No specific signal of Wapl was detectable on chromosomes from prometaphase to anaphase under this condition or on chromosome spreads prepared after hypotonic treatment (data not shown). A biochemical fractionation of asynchronously growing cells (approximately 95% in interphase) revealed that Wapl was detected almost exclusively in the chromatin-bound fraction (P3; Figure 1E , lane 4). The Wapl proteins recovered in this fraction were solubilized by treatment with micrococcal nuclease (data not shown). In contrast, when nocodazole-treated cells (approximately 92% in mitosis) were fractionated, approximately 30% of Wapl was detected in the soluble cytoplasmic fractions (S2; Figure 1E , lane 6) and another approximately 30% was easily released from chromatin (S3, Figure 1E , lane 7). Thus, as judged by these criteria, Wapl is a nuclear protein whose cell-cycle dynamics are highly reminiscent of those of cohesin (e.g., [20] ).
Depletion of Wapl Causes a Delay in Prometaphase
Next we investigated the effect of depletion of Wapl from HeLa cells by using small interfering RNAs (siRNAs). More than 80% of Wapl was depleted after either one or two rounds of transfection with two independent siRNAs specific to Wapl (Figure 2A ; also see Figure S1 ). As judged by FACS analysis, only a slight increase in a G2 + M population of cells was observed after Wapl depletion ( Figure S2C ). When chromosome spreads were prepared from Wapl-depleted cells after hypotonic treatment, however, we found that the chromosomes were much longer than typical metaphase chromosomes observed in control cells ( Figure 2B ). The resolution of sister chromatids was compromised with an appearance of parallel sister chromatids, as judged by their staining with an antibody to Smc2, the core subunit of condensins. Aurora B was less concentrated at centromeres in these chromosomes. We refer these chromosomes as to ''prometaphase-like'' chromosomes. The frequency of these elongated chromosomes was higher in Wapl-depleted cells than in control cells even after 3 hr of colcemid treatment ( Figure 2C ). Two independent siRNAs produced essentially the same phenotype. We also found a higher frequency of mitotic cells positive for Mad2 and Bub1 staining on kinetochores in Wapldepleted cells than in control cells ( Figure 2D ), suggesting a prometaphase delay in the former population of cells. It is most likely that poor resolution of chromosome arms leads to a delay in the maturation of sister kinetochores arranged in a back-to-back orientation, which may in turn keep the spindle checkpoint active. The prometaphase-like chromosomes observed in the Wapl-depleted cells did not display any noticeable abnormality in the relative distribution of condensin I and condensin II [21] (Figure S3) .
To assess the effect of Wapl depletion on cell-cycle progression, we depleted the protein from a synchronized population of HeLa cells. To this end, cells were treated with thymidine 8 hr after siRNA transfection and incubated for another 15 hr. The cells were then released from the single thymidine block, and cell lysates were prepared at time intervals and analyzed by immunoblotting. At the same time, we evaluated the population of mitotic cells by staining with an anti-phospho-H3 (at serine 10) antibody and DAPI. We found that entry into and progression through mitosis became slow when cells were treated with Wapl siRNA, as judged by a broad peak of the mitotic index ( Figure 2E ) and a delayed accumulation of cyclin B ( Figure 2F ). These cells exited mitosis, as seen by a drop in the mitotic index and degradation of cyclin B ( Figures 2E and 2F ). Although chromosomes segregated without any severe defects under this condition, multi-lobed nuclei were observed at a higher frequency (approximately 24%) in the Wapldepleted cells than in the control cells (approximately 5%) at 16 hr after the release (data now shown). To get further insights into the potential role of Wapl in mitotic progression, we performed a nocodazole-arrest-andrelease experiment by using control and Wapl-depleted cells. The two populations of cells displayed little difference in the drop in the mitotic index ( Figure 2G ) or the kinetics of cyclin B degradation ( Figure 2H ), suggesting that progression from prometaphase through anaphase was not largely affected when the level of Wapl was reduced. Again, the Wapl-depleted cells managed to (E) HeLa cells were treated with thymidine 8 hr after mock-transfection (control) or Wapl siRNA transfection, incubated for another 15 hr, and then released from the thymidine block. Staining with anti-phospho-H3 (at serine 10) and DAPI allowed the frequency of mitotic cells to be assessed. (F) In the same experiment as that described in (E), cell lysates were prepared at the indicated time points and analyzed by immunoblotting. The upper faint band in the third row (a-tubulin) is cyclin B signal because the blot was first probed with cyclin B and then with a-tubulin without stripping. (G and H) HeLa cells were mock-transfected (control) or transfected with Wapl siRNA, incubated for 24 hr, and treated with nocodazole for 16 hr. After release from the nocodazole arrest, the cells were analyzed as in (E) and (F), respectively. segregate chromosomes but exhibited a high frequency of multi-lobed nuclei 6-10 hr after the release. These results are consistent with the notion that depletion of Wapl causes a prometaphase delay but does not arrest the cell cycle in mitosis.
Wapl Depletion Produces Prometaphase-like Chromosomes with Poorly Resolved Sister Chromatids and a High Level of Cohesin
Two mitotic kinases, Polo-like kinase and Aurora B, have been implicated in cohesin release during mitotic prophase [9, 10] , and in fact simultaneous depletion of the two kinases from Xenopus egg extracts causes a severe defect in sister-chromatid resolution [10] . To investigate the role of Wapl in chromosome morphogenesis in greater detail, we prepared chromosome spreads from cells treated with Plk1, Aurora B, or Wapl siRNA. We simultaneously stained the cells with anti-topoisomerase II to visualize the chromatid axis and with antiSmc1 to assess the amount of cohesin left on the chromosomes. Consistent with previous studies [22, 23] , sister chromatids were juxtaposed in parallel in Plk1-depleted and Aurora B-depleted chromosomes, indicating an enhanced cohesion along chromosome arms ( Figure 3A , the second and third rows). These chromosomes retained a higher level of cohesin on their arms than did those produced in control cells ( Figure 3A , the first row; note that the small amount of cohesin enriched on centromeric regions is not detectable under this condition; e.g., [23] ). We found that Wapl-depleted chromosomes displayed the most severe defect in sisterchromatid resolution ( Figure 3A , the fourth row). Remarkably, the Smc1 signal retained in these chromosomes was very focused and narrowly restricted on the central axis of a chromosome where two sister chromatids were linked to each other (see Figure 3B for closeups). In contrast, the Smc1 signal was more diffuse and distributed evenly in the Plk1-depleted or Aurora B-depleted chromosomes ( Figures 3A and 3B) . Figure 4A ), and chromosome spreads prepared from these cells were stained with anti-Smc2 and CREST ( Figure 4B ). A quantitation of these analyses was summarized in Figure 4C . Under this condition, chromosomes with well-resolved arms were observed in control cells ( Figure 4B , the first row), whereas Wapl-depleted cells produced prometaphase-like chromosomes in which sister chromatids were more tightly paired along their entire lengths ( Figure 4B , the third row). Remarkably, the resolution defect was partially relieved when Scc1 was depleted together with Wapl, producing chromosomes reminiscent of, if not identical to, those observed in control cells ( Figure 4B , the fourth row). The suppression was obvious not only along chromosome arms (as judged by anti-Smc2 staining) but also at centromeric regions (as judged by CREST staining). Nonetheless, the double depletion of Scc1 and Wapl siRNAs did not cause complete sister-chromatid separation, as was observed in cells depleted of Scc1 alone ( Figure 4B , the second row). A most likely interpretation is that the low level of cohesin present in the cells treated with Wapl and Scc1 siRNAs supports cohesion because this population was more stably bound to chromosomes as a result of the loss of Wapl function. As judged by FACS analysis and mitotic indexes, depletion of Wapl also suppressed mitotic arrest that would otherwise have been observed in Scc1-depleted cells (Figures 4C; also Figure S2C ).
Functional Interactions among
To further understand how Wapl might work in sisterchromatid resolution, we have tested for its functional interactions with Sgo1 and Esco2, proteins implicated in the protection of centromeric cohesion [11] [12] [13] and the establishment of cohesion [24] , respectively. Although single depletion of Sgo1 caused a defective phenotype characterized by premature chromatid separation, as reported previously [11, 25] , we found that the phenotype was effectively suppressed when Wapl was simultaneously depleted with Sgo1 ( Figure 4D ). This observation was reminiscent of the previous report that ectopic expression of a nonphosphorylatable form of SA2 (a cohesin subunit) partially suppressed segregation defects in Sgo1 siRNA-treated cells [13] . We also found that depletion of Wapl suppressed premature separation observed in cells depleted of Esco2 [24] (Figure 4E ). Thus, Wapl apparently counteracts these cohesin regulators under this condition. These results are consistent with the idea that Wapl plays a role in destabilizing cohesion during mitotic prophase, possibly by facilitating cohesin release from chromosome arms.
Overexpression of Wapl Produces Cells Displaying Premature Sister Separation at a High Frequency
If depletion of Wapl prevents or slows down release of cohesin from chromosomes, its overexpression could induce its untimely dissociation and result in premature sister separation. To address this question, we transiently transfected 293T cells with a plasmid in which full-length Wapl cDNA is expressed under the control of the CMV promoter. After surveying different transfection conditions, we chose a condition in which the transfected cells expressed 2-to 4-fold more Wapl than did untransfected cells or transfected cells with an empty vector ( Figure 5A ). FACS analysis showed a slight elevation of the G2/M population in cells transfected with Wapl cDNA ( Figure S2D ). As judged by immunofluorescence analysis, however, the Wapl cDNA-transfected cells displayed a number of abnormal mitotic figures, such as massive misalignments of chromosomes and multipolar spindles ( Figures 5B and 5C ). These defects were very similar to those observed in Scc1-depleted cells (Figures 4A-4C ). The distribution of Sgo1 on these abnormal mitotic cells was reminiscent of that found in cells treated with Scc1 siRNAs (R.G., unpublished results). Furthermore, a substantial population of the cells displaying abnormal chromosome arrangements (approximately 70%) was positive for cyclin B staining, indicating that they did not undergo normal anaphase. Consistently, as judged by chromosome-spread analyses, aberrantly separated sister chromatids were observed at a high frequency in the Wapl-overexpressing cells ( Figures 5C and 5D ), implicating the occurrence of premature sister separation before the onset of anaphase.
Wapl Associates with the Cohesin Complex in HeLa Cell Nuclear Extracts
The observation that Wapl was involved in the release of cohesin during early mitosis prompted us to test for their physical interactions. To this end, HeLa-cell nuclear extracts were subjected to immunoprecipitation with control IgG and specific antibodies against Smc1 and Wapl. The immunoprecipitates were washed with a buffer containing 0.1 M or 0.5 M KCl, resolved by SDS-PAGE, and analyzed by silver staining ( Figure 6A ) and immunoblotting ( Figure 6B ). Anti-Smc1 precipitated cohesin subunits (Smc1, SA2, and Scc1) as well as Pds5A and Pds5B, as had been shown before [7, 15] . We found that Wapl was also readily detectable in the precipitate ( Figures 6A and 6B, lane 3) . The association of Wapl with cohesin was relatively tight as judged by its partial resistance to a high-salt wash ( Figure 6B, lane 4) . Conversely, anti-Wapl precipitated not only Wapl itself but also the cohesin subunits and Pds5A ( Figures 6A and  6B, lanes 5 and 6) . A smaller amount of Pds5B was detectable in these precipitates, suggesting that Wapl might bind preferentially, if not exclusively, to a subpopulation of cohesin associated with Pds5A. This was also confirmed by reciprocal immunoprecipitation with antiPds5A or anti-Pds5B ( Figure 6C ). On the other hand, we found no evidence that Wapl might preferentially associate with one of the two different populations of cohesin containing SA1 or SA2 (data not shown). As judged by the amount of protein remaining in the extract after immunoprecipitation, we estimated that approximately 70% of Wapl associates with cohesin, whereas approximately 30%-40% of cohesin associates with Wapl in a HeLa-cell nuclear extract (data not shown). In fact, when the extract was subjected to sucrose-gradient centrifugation, the majority of Wapl was cofractionated with the major peak of cohesin ( Figure 6D ). These results suggest that Wapl associates tightly with a subpopulation of cohesin in HeLa-cell nuclear extracts. Finally, we performed reciprocal immunoprecipitation by using a salt-extracted chromatin fraction prepared from asynchronous cells and a soluble cytoplasmic fraction prepared from nocodazole-arrested cells. The interaction between Wapl and cohesin was detected in both fractions, and the relative ratios of the two components recovered in the precipitates were indistinguishable from each other (data not shown). Thus, it appears that Wapl associates with both chromatin-bound and soluble pools of cohesin.
In Vitro Reconstitution Reveals a Direct and Stoichiometric Interaction between Wapl and the Non-SMC Dimer of Cohesin
The coimmunoprecipitation experiments described above by no means addressed the question of whether Wapl might make a direct contact with a cohesin subunit(s). It was formally possible, for example, that the interaction between Wapl and cohesin was indirect and was mediated by a linker protein such as Pds5A. To address this problem, we attempted to reconstitute the interaction between Wapl and cohesin subunits by using recombinant proteins expressed with the aid of baculoviruses. The four subunits of the human cohesin complex (Smc1, Smc3, Scc1, and SA1) were coexpressed with Wapl in different combinations in insect cells. The cell lysates were subjected to immunoprecipitation reactions with appropriate antibodies, and the precipitates were fractionated by SDS-PAGE and analyzed by silver staining and immunoblotting. We found very little, if any, interaction between Wapl and the Smc1-Smc3 dimer ( Figure 7A, lanes 4-6) . Wapl associated only weakly with Smc1-Smc3-Scc1 ( Figure 7A, lanes 7-9) but more efficiently with Smc1-Smc3-Scc1-SA1 ( Figure 7A, lanes  10-13) , indicating that the Wapl-cohesin interaction was mediated through the Scc1 and SA1 subunits. We then set up a similar reconstitution assay without the Smc1-Smc3 dimer. Wapl interacted only weakly with Scc1 alone but not with SA1 alone ( Figure 7B, lanes 4-7) . Remarkably, however, we found that, when Wapl was coexpressed with Scc1 and SA1 together, the three proteins formed a very robust complex in a near-stoichiometric fashion ( Figure 7B, lanes 8-10) . These results strongly suggest that Wapl makes a direct contact with Scc1 and SA1 only when they associate with each other to form a non-SMC dimer. Finally, a series of binding assays in which truncated versions of Wapl were used demonstrated that the N-terminal half of Wapl is primarily responsible for its binding to cohesin (Figures S4 and S5 ).
Discussion
Sister-chromatid resolution is a process in which the linkage between two chromatids is partially dissolved from prophase through metaphase, and it is thought to be a prerequisite for the complete and irreversible separation of sister chromatids that initiates at the onset of anaphase. In the current study, we report a new regulator of sister-chromatid resolution, Wapl. Sister chromatid resolution is a mechanistically complex event, and its successful achievement requires not only bulk release of cohesin but also coordinated actions of condensin and topoisomerase II. Therefore, misregulation of condensin or topoisomerase II could, in principle, cause defects in sister-chromatid resolution. Several lines of evidence strongly suggest, however, that Wapl directly regulates the dissociation of cohesin by physically interacting with its non-SMC components.
Depletion of Wapl from HeLa cells produces prometaphase cells having elongated chromosomes with poorly resolved sister chromatids at a high frequency. Although a transient delay is observed, the Wapl-depleted cells eventually enter metaphase and segregate chromosomes in anaphase. This apparently partial phenotype could be due to an incomplete depletion of Wapl from the cells under the condition tested. Alternatively, Wapl may associate with and regulate a subpopulation of cohesin distributed along chromosome arms. In fact, by our estimation, only approximately 30%-40% of cohesin (lanes 1 and 2) , anti-Pds5A (lanes 3 and 4) , or anti-Pds5B (lanes 5 and 6). The precipitates and the input sample were analyzed as above. associates with Wapl in HeLa-cell nuclear extracts. Finally, the eventual segregation of incompletely resolved sister chromatids in Wapl-depleted cells could be achieved by separase-mediated cleavage of cohesin in anaphase, as has been implicated in cells defective in Plk1 and Aurora B [23] . It should be added, however, that multi-lobed nuclei were frequently observed in the subsequent telophase, indicating that anaphase segregation (and/or subsequent reassembly of the nucleus) may not be completely normal in Wapl-depleted cells.
A series of double-depletion and overexpression experiments reported here is also consistent with the idea that Wapl directly promotes cohesin's dissociation from chromosome arms during prophase. Reduction of the level of cohesin itself partially relieves the resolution defect observed in Wapl-depleted cells, and depletion of Wapl rescues premature separation of sister chromatids observed in cells depleted of cohesin regulators such as Sgo1 and Esco2. Conversely, overexpression of Wapl in 293T cells produces cells displaying premature sister separation at a high frequency. We also find that Sgo1 fails to be concentrated at centromeres and distributes along arms of the prometaphase-like chromosomes in Wapl-depleted cells ( Figure S6 ), a phenotype reminiscent of, if not identical to, that observed in Bub1-depleted cells [11] . These observations support the existence of an intricate regulatory network of sister-chromatid cohesion; in such a network, cohesin's loading and unloading are tightly controlled both temporally and spatially [26] . 4-6) ; Smc1, Smc3, and Scc1 (lanes 2 and 7-9); or Smc1, Smc3, Scc1, and SA1 (lanes 3 and 10-13). Cell lysates were prepared (lanes 1-3; input) and subjected to immunoprecipitations with the antibodies indicated (lanes 4-13) . The precipitates were divided into two aliquots, resolved by SDS-PAGE, and analyzed by silver staining (Silver) and immunoblotting with the antibodies indicated (Blot). Wapl was originally identified in Drosophila possessing mutations that caused loosened cohesion at centromeres [16] . At first glance, the phenotype observed in the Drosophila mutants is different from the defect observed in HeLa cells depleted of Wapl. However, the apparent defect observed in centromeric cohesion in the Drosophila mutants could be explained by enhanced arm cohesion because a tight balance between cohesion at centromeres and that at arms affects the shape of mitotic chromosomes (e.g., [23] ). An implication of these observations is that Wapl may act primarily on chromosome arms, and not on centromeres. Consistent with this idea, we show that in HeLa-cell nuclear extracts Wapl displays a high affinity for a cohesin subpopulation containing Pds5A, a specific form of Pds5 protein that has been predicted to have a role in arm cohesion [15] . In terms of phylogeny, we have so far been unable to find a Wapl ortholog in Saccharomyces cerevisiae. This may be consistent with the fact that the so-called prophase pathway of cohesin release is less prominent in this organism than in higher eukaryotes. The nematode Ceanorhabditis elegans has an ortholog (R08C7.10) whose depletion causes an embryonic lethality [27, 28] . The mouse wapl gene is also essential for embryonic development (cited in [18] ). Functional characterization of these orthologs and their relationship to sisterchromatid resolution must await future studies.
Previous biochemical analysis using yeast cohesin subunits showed that Scc1 links the Smc1-Smc3 dimer to Scc3 (the yeast ortholog of vertebrate SA1/SA2) [29] . Our reconstitution experiments reported here demonstrate that Wapl interacts directly with the holocomplex (Smc1-Smc3-Scc1-SA1) and even more robustly with the Scc1-SA1 dimer. Interestingly, Wapl associates poorly with Scc1 or SA1 alone and does not bind to the Smc1-Smc3 dimer at all. Furthermore, no evidence is available for the occurrence of a free population of the Scc1-SA dimer in HeLa-cell nuclear extracts [7] . Taken together, these results make it seem most likely that Wapl binds to a surface shared between Scc1 and SA1 only in the context of the holocomplex in vivo ( Figure 7C ). It is reasonable to speculate that Wapl uses this property to discriminate a functional population of cohesin (i.e., the holocomplex) from other intermediate assemblies (e.g., Smc1-Smc3-Scc1).
It remains to be determined mechanistically how Wapl might modulate the activity or conformation of cohesin and contribute to its dissociation from chromosomes. We have considered several potential mechanisms of action of Wapl. The first is that Wapl may actively recruit protein kinases, implicated in cohesin dissociation such as Plk1, to cohesion sites during mitotic prophase [9, 10] . This role would be antagonistic to the proposed action of Sgo1, which has recently been shown to recruit protein phosphatase 2A to centromeric regions and to protect centromeric cohesion by maintaining a dephosphorylated state of cohesin [30] [31] [32] . Second, a nearstoichiometric binding between Wapl and the Scc1-SA1 dimer may suggest a more active, noncatalytic role in inducing cohesin to undergo conformational changes that eventually lead to its dissociation from chromatin. Alternatively, Wapl may have a role in preventing a dissociated population of cohesin from rebinding to chromatin rather than participating in an active dissociation reaction. For example, when the linkage between the Scc1-SA dimer and one of the SMC subunits is disrupted during the dissociation reaction, Wapl could bind to and sequester the liberated end of the Scc1-SA dimer and thereby prevent the cohesin ring from being closed again ( Figure 7C ). The apparent difference in Wapl's affinity for the holocomplex and the Scc1-SA1 dimer, as revealed by the reconstitution assay, may be consistent with this idea. Of course, these models are not mutually exclusive from each other. Whatever the mechanisms might be, it is clear that Wapl proteins are a unique class of cohesin regulators that may directly destabilize the interaction between cohesin and chromatin.
High-level expression of human Wapl was observed in cervical cancers, and 3T3 cells overexpressing Wapl developed tumors when they were injected into nude mice [18] . Our current results show that overexpression of Wapl causes premature sister separation at a high frequency in 293T cells. One of the potential consequences of premature sister separation is the production of aneuploidy, a hallmark of many types of cancer [5] . Furthermore, accumulating lines of evidence suggest that misregulation of cohesin might cause developmental diseases in humans [33, 34] . Therefore, further functional and mechanistic characterization of Wapl will undoubtedly enhance our understanding of how genome stability and expression are controlled through an elaborate mechanism that modulates cohesin dynamics and mobilization in the cell. 
